Secondary Taste Neurons that Convey Sweet Taste and Starvation in the Drosophila Brain  by Kain, Pinky & Dahanukar, Anupama
ArticleSecondary Taste Neurons that Convey Sweet Taste
and Starvation in the Drosophila BrainHighlightsd Gustatory projection neurons (sGPNs) are involved in sweet
taste behaviors
d sGPN dendrites are close to axon termini of primary sweet
taste neurons in the SOG
d sGPN axons relay sweet taste information to a higher brain
center called the AMMC
d Starvation and dopamine signaling increase sucrose
sensitivity of the sGPNsKain & Dahanukar, 2015, Neuron 85, 819–832
February 18, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.neuron.2015.01.005Authors
Pinky Kain, Anupama Dahanukar
Correspondence
anupama.dahanukar@ucr.edu
In Brief
Kain and Dahanukar provide insights into
the architecture of appetitive circuits by
identifying second-order neurons that
relay sweet taste from the SOG to the
AMMC in Drosophila. The identified
neurons show increased sucrose
sensitivity upon starvation and dopamine
signaling.
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The gustatory system provides vital sensory informa-
tion to determine feeding and appetitive learning
behaviors. Very little is known, however, about
higher-order gustatory circuits in the highly tractable
model for neurobiology, Drosophila melanogaster.
Here we report second-order sweet gustatory pro-
jection neurons (sGPNs) in theDrosophilabrain using
a powerful behavioral screen. Silencing neuronal ac-
tivity reduces appetitive behaviors, whereas induc-
ible activation results in food acceptance via probos-
cis extensions. sGPNs show functional connectivity
with Gr5a+ sweet taste neurons and are activated
upon sucrose application to the labellum. By tracing
sGPN axons, we identify the antennal mechanosen-
sory and motor center (AMMC) as an immediate
higher-order processing center for sweet taste. Inter-
estingly, starvation increases sucrose sensitivity of
the sGPNs in the AMMC, suggesting that hunger
modulates the responsiveness of the secondary
sweet taste relay. Together, our results provide a
foundation for studying gustatory processing and
its modulation by the internal nutrient state.
INTRODUCTION
In gustatory systems, sweet taste neuron activation gives rise
to innate behaviors that signify taste acceptance. Behavioral
responses to sweet tastants can also be modulated by hunger
and satiety (Dethier, 1976; Inagaki et al., 2012; Marella et al.,
2012) and are intimately linked with reward and memory
(Krashes et al., 2009; Liu et al., 2012). These robust and easily
quantifiable behaviors, combined with the relative numerical
simplicity of the fly brain, provide a tractable model for under-
standing the structure, function, and modulation of simple cir-
cuits in Drosophila. In recent years, such investigations have
been helped by significant advances in understanding the mo-
lecular and cellular basis of taste sensory responses (Liman
et al., 2014). With the exception of a Drosophila motor neuron
that innervates a proboscis muscle (Gordon and Scott, 2009),
however, little is known about taste circuits beyond the level
of the primary neurons in any insect. Therefore, critical
higher-order features of the gustatory system, such as pro-cessing and integration of the peripheral signals, remain poorly
understood.
Taste sensory neurons fall into defined populations that ex-
press specific suites of receptors and respond to one of a few
described categories of tastants, including sweet, bitter, salty,
and water (Cameron et al., 2010; Dahanukar et al., 2007; Marella
et al., 2006; Weiss et al., 2011; Zhang et al., 2013). Sweet taste
neurons are marked with the trehalose receptor Gr5a (Chyb
et al., 2003; Thorne et al., 2004; Wang et al., 2004), which, along
with other closely related receptors (Gr61a and Gr64a-Gr64f),
mediates responses to sugars and other sweet tastants (Daha-
nukar et al., 2001; Dahanukar et al., 2007; Freeman et al.,
2014; Jiao et al., 2007, 2008; Miyamoto et al., 2013; Slone
et al., 2007; Wisotsky et al., 2011).
The axons of gustatory receptor neurons (GRNs) terminate in
the subesophageal ganglion (SOG), the first relay for taste infor-
mation in the fly brain (Thorne et al., 2004; Vosshall and Stocker,
2007; Wang et al., 2004). Although this region does not bear
distinct anatomical landmarks, visualization of axonal termini of
distinct categories of GRNs has exposed a spatial representa-
tion of taste quality within it.Gr5a+ sweet taste neurons terminate
in discrete ipsilateral regions of the SOG that do not overlap with
axonal projections of bitter taste neurons that express a caffeine
receptor, Gr66a (Thorne et al., 2004; Wang et al., 2004). Activa-
tion of Gr5a+ neurons causes proboscis extension, a first step in
appetitive behavior (Marella et al., 2006; Zhang et al., 2007).
Moreover, Gr5a+ neural activity correlates strongly with the de-
gree of acceptance behavior; activators and inhibitors acting
on sweet taste neurons can indicate the balance of nutrients
and toxins and calibrate feeding behavior accordingly (Charlu
et al., 2013; Jeong et al., 2013).
Little is known about higher-order processing of taste informa-
tion. First, the gustatory neuropil of the SOG, which includes the
subesophageal zone (SEZ), gnathal ganglia (GNG), and parts of
the periesophageal neuropil (Ito et al., 2014), is relatively disorga-
nized compared with the olfactory and visual neuropils, therefore
posing a challenge for anatomical identification of gustatory cir-
cuits. Second, although it is possible that the SOG encompasses
some local circuits that connect sensory, motor, and command
neurons that have processes in this region (Flood et al., 2013;
Gordon and Scott, 2009; Melcher and Pankratz, 2005; Rajashe-
khar and Singh, 1994), it is apparent that taste information must
also be conveyed to higher brain centers, including the mush-
room body, which contains neurons activated upon sucrose
ingestion (Liu et al., 2012). However, even the location of the sec-
ondary taste relay remains a mystery because projection neu-
rons that synapse with taste sensory neurons have not yetNeuron 85, 819–832, February 18, 2015 ª2015 Elsevier Inc. 819
been identified. Finally, taste information is also integrated with
other internal and external sensory cues, but where this occurs
is not known.
Here we identify the first sweet gustatory projection neurons
(sGPNs) in the fly brain. We found that the sGPNs are necessary
for appetitive responses, including proboscis extension and su-
crose feeding behaviors. Moreover, heat-induced activation in
flies that express dTrpA1 is sufficient to initiate proboscis exten-
sion, suggesting that these neurons may directly participate in
sweet taste circuits. We then performed GFP reconstitution
across synaptic partners (GRASP) experiments (Feinberg et al.,
2008; Gordon and Scott, 2009), which support the idea of direct
connections between the identified sGPNs and Gr5a+ sweet
taste neurons in the labellum. Additionally, we mapped the
presynaptic terminals of the sGPNs to the antennal mechano-
sensory and motor center in the deutocerebrum and identify
this region as a second relay for sweet taste.
Functional analysis using calcium imaging demonstrates that
the sGPNs are activated by application of sucrose and other
sugars to the labellum. The response exhibits concentration
dependence and specificity; a nonpalatable sugar does not
evoke the same activity. Neither do other categories of tastants,
indicating that the identified sGPNs are selectively tuned to
sweet taste. Finally, we find that sGPN sensitivity to sucrose is
enhanced by starvation and dopamine signaling, indicating
that information about hunger and satiety is integrated with
sweet taste at or before the level of the sGPNs. Identification
of these neurons will provide valuable insights into the neural
architecture of appetitive circuits, such as those that regulate
feeding and reward. The sGPNs also afford a new tool for dis-
secting how taste information is processed and integrated with
other cues to drive fitting behavioral responses to tastants.
RESULTS
Identification of Neurons Involved in Sweet Taste
Behaviors
To identify neurons involved in taste circuits, we performed a ge-
netic screen in which we silenced subsets of neurons and exam-
ined the effect on taste behaviors. From a preliminary screen us-
ing 455GAL4 lines from the Nippon (NP) enhancer trap collection
(Yoshiharaand Ito, 2000; TableS1),we identifiedand further char-
acterized the role of one line,NP1562, in appetitivebehaviors (Fig-
ure 1A). First, we silenced neuronal activity using either tetanus
toxin (TNTG) (Sweeney et al., 1995) or an inwardly rectifying po-
tassium channel, Kir2.1 (Baines et al., 2001), and examined su-
crose feeding behavior in plate assays in which batches of flies
werepresentedwithachoicebetweenwater andvaryingconcen-
trations of sucrose. For these experiments, GAL4-dependent
expression of TNTG or Kir2.1 was suppressed during develop-
mentbyubiquitousexpressionof temperature-sensitiveGAL80ts.
Test flieswere raised at 18C (aGAL80ts-permissive temperature)
and shifted to 29C (GAL80ts-restrictive temperature) upon eclo-
sion. Control siblings were maintained at 18C throughout. Wild-
type flies and controls carrying either the NP1562-GAL4 or UAS
transgenes alone showed little to no temperature-dependent
change in feeding, particularly at the higher concentrations tested
(Figure 1B).We found that silencing synaptic transmission in adult820 Neuron 85, 819–832, February 18, 2015 ª2015 Elsevier Inc.NP1562 neurons with TNTG caused a significant reduction in
sucrose feeding across multiple concentrations (Figure 1C).
Similar defects in sucrose feedingwere obtainedby hyperpolariz-
ing NP1562 neurons with Kir2.1 (Figure 1C).
We then used an independent assay to evaluate the role of
NP1562 neurons in mediating sensory responses to sucrose.
Tarsal taste hairs of flies were stimulated with a series of sucrose
concentrations ranging from 1-50 mM. We observed robust pro-
boscis extension responses in wild-type and GAL4 or UAS con-
trol flies, irrespective of whether they were maintained at 18C or
shifted to 29C (Figure 1D). By contrast, proboscis extension re-
sponses of NP1562 flies were reduced significantly when TNTG
was expressed by shifting them to the GAL80ts-restrictive tem-
perature (Figure 1E). Taken together, these results suggest that
NP1562 labels neurons that play a role in conveying the palat-
ability of sucrose.
Activation of NP1562 Neurons Initiates Taste
Acceptance
Wenext determinedwhether inducible activation ofNP1562 neu-
rons was sufficient to drive appetitive behavior. For this purpose,
we expressed the Drosophila heat-activated channel, dTrpA1
(Hamada et al., 2008; Viswanath et al., 2003), and asked whether
raising the temperature caused proboscis extension. We
observed a high frequency of proboscis extension at 32C in
these flies as compared with wild-type, or control flies with either
NP1562 or UAS-dTrpA1 alone (Figure 1F). Individual flies that
extended their proboscis did so repeatedly over a 2-min obser-
vation period. The proportion of flies that showed proboscis
extension was comparable with that obtained by dTrpA1-depen-
dent activation ofGr5a-GAL4 (Chyb et al., 2003) sweet taste neu-
rons (Figure 1F). As a negative control, we also compared the
effect of heat-inducible activation of bitter taste neurons using
Gr89a-GAL4 (Charlu et al., 2013), which evoked some proboscis
extensions, albeit at a significantly lower frequency among the
test animals (Figure 1F). For all genotypes, we observed little
proboscis extension at 22C (Figure 1F). We also found no signif-
icant differences in sucrose feeding in flies in which dTrpA1 was
activated in NP1562 neurons (30C) compared with parental
controls in binary choice experiments (Figure S1), indicating
that NP1562 neurons are likely to be sufficient for initiation of
feeding via proboscis extension but not for regulating food
intake. Together, the results support post-developmental roles
for NP1562 neurons as part of the appetitive taste circuitry.
NP1562 Labels Neurons in and around the SOG
To identify neurons involved in sweet taste circuits, we examined
the expression pattern of NP1562 in the brain using UAS-
mCD8::GFP. Confocal imaging revealed thatNP1562 exclusively
labeled neurons in the adult brain, including the SOG (Figure 2A).
An evaluation of the number of cell bodies in and around the SOG
revealed a total of 20.5 ± 1.13 cells (SEM, n = 14) that could be
loosely grouped into three clusters based on their locations: clus-
ter I representing cells in or adjacent to the antennal mechano-
sensory and motor center (AMMC), cluster II representing cell
bodies near the dorsal anterior of the SOG, and cluster III repre-
senting cell bodies distributed near the ventral region of the
SOG (Figure 2B). Notably,NP1562did not label any taste sensory
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Figure 1. NP1562 Labels Neurons Associated with Appetitive Behaviors
(A) Schematic for characterizing behavioral outcomes of manipulating neuronal function in selected NP-GAL4 lines.
(B) Mean sucrose feeding responses of wild-type and the indicated control flies. Flies were raised at 18C and shifted to the indicated temperature for 3 days prior
to behavior experiments. For each bar, n = 6 trials of 20 flies each. *p < 0.05, **p < 0.01, two-way ANOVA with pairwise comparisons.
(C) Mean sucrose feeding responses of NP1562-GAL4 flies expressing either UAS-TNTG or UAS-Kir2.1. For each bar, n = 6 trials of 20 flies each. Flies were
raised at 18C and shifted to the indicated temperature for three days prior to behavior experiments. *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA with
pairwise comparisons.
(D) Proboscis extension responses of wild-type and various controls to the indicated concentrations of sucrose. For each bar, n = 3 sets of 20 flies each (wild-type)
or n = 5 sets of 10 flies each (transgene controls). *p < 0.05, two-way ANOVA with pairwise comparisons.
(E) Results of proboscis extension tests with the indicated concentrations of sucrose. For each bar, n = 3 sets of 20 flies each. *p < 0.05, **p < 0.01, ***p < 0.001,
two-way ANOVA with pairwise comparisons.
(F) Percentages of flies of the indicated genotypes showing proboscis extension at 22C or after a 2-min period on a 32C heating block. For each
genotype, n = 60.
For all graphs, error bars = SEM.neurons in labellar, pharyngeal, or tarsal tissues (Figure 2C).
Therefore, the sucrose feeding defects observed for NP1562
may occur via neurons that act downstream of sweet taste neu-
rons or impinge on sweet circuits in some way.Cluster I NP1562 Neurons Send Dendrites to the Sweet
Taste Region of the SOG
We next examined whether any of the NP1562+ cell clusters had
dendritic projections in the SOG. For these experiments, weNeuron 85, 819–832, February 18, 2015 ª2015 Elsevier Inc. 821
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Figure 2. NP1562 Labels Neurons in the Primary Gustatory Center
that May Connect with Gr5a+ Sweet Taste Neurons
(A) NP1562-GAL4-driven expression of UAS-mCD8::GFP in the whole brain
(visualized with a-GFP, green).
(B) NP1562-GAL4-driven expression of UAS-mCD8::GFP in the SOG and
surrounding region, including the AMMC. The schematic below indicates
locations of cell bodies (n = 14) in three identified clusters in and around the
SOG and AMMC areas.
(C) Bright-field images of the labellum (Labellum), labral sense organ (Pharynx),
and distal segments of the foreleg (Tarsi) derived from NP1562-GAL4; UAS-
mCD8::GFP flies.
822 Neuron 85, 819–832, February 18, 2015 ª2015 Elsevier Inc.expressed a dendritic marker, DenMark, in NP1562 neurons and
visualized its distribution using immunohistochemistry. We
observed staining of dendritic processes in the SOG (Figure 2D)
and, in particular, in an area that has been described previously
to receive input from labellar sweet GRNs (Thorne et al., 2004;
Wang et al., 2004).
To determine which of the three NP1562+ cell clusters in and
around the SOG send projections to the sweet taste region, we
created 3D images of the SOG to trace the origin of neurites
that terminate in the characteristic pattern of sweet GRNs.
Confocal stacks encompassing the SOG/AMMC areas were
visualized as 3D structures using Bitplane Imaris software, which
revealed that neurites in the sweet taste region are derived from
cells belonging to cluster I (Figure 2E; Movie S1). Notably, neu-
rons of clusters II or III did not send processes to this area.
NP1562 Neurons GRASP with Sweet Taste Neurons in
the SOG
We next investigated whether dendrites ofNP1562 neurons lie in
close proximity to axon terminals of Gr5a+ sweet taste neurons,
which are distributed in a characteristic pattern within the SOG
(Figure 2F). For this purpose, we used the GRASP split-GFP
approach first developed in Caenorhabditis elegans (Feinberg
et al., 2008) and subsequently adopted in flies (Gordon and
Scott, 2009). One-half of the split-GFP GRASP reporter was
expressed in Gr5a+ GRNs using Gr5a-LexA (lexAop-
spGFP11::CD4), whereas the other half was expressed in
NP1562 neurons using UAS-spGFP1-10::CD4. GRASP was visu-
alized using an antibody that does not efficiently recognize either
spGFP11 or spGFP1-10 alone (Gordon and Scott, 2009; Fig-
ure 2G). Remarkably, we observed a GFP signal indicating
GRASP in the region of Gr5a+ sweet taste projections in the
SOG (Figure 2H). Immunolabeling with a different GFP antibody
yielded similar results (Figure S2). Therefore, the dendrites of at
least a subset of NP1562 neurons lie in close proximity to the
axonal termini of Gr5a+ taste neurons. Taken together with the
observation that NP1562+ neurons of clusters II and III do not
send neurites to the area that receives input from sweet GRNs,
these results support the idea that neurons belonging to cluster
I are likely to be sGPNs.(D) Confocal images of the SOG in NP1562-GAL4; UAS-DenMark flies stained
with a-DsRed (green). The arrowheads indicate the region of similarity with the
characteristic pattern of Gr5a+ sweet neuron projections (compare with F).
(E) 3D images of the SOG and surrounding areas to trace the origin of neurites
(green) that terminate in the characteristic pattern of sweet GRNs, indicated by
arrowheads (compare with F).
(F) Axon terminals of Gr5a+ sweet taste neurons in the SOG visualized with
a-GFP (green) in flies of the genotype Gr5a-LexA; lexAop-mCD8::GFP.
(G) Images of the SOG stained with a-GFP (green). Genotypes were as follows:
Gr5a-LexA, lexAop- SpGFP11::CD4 (Gr5a > SpGFP11) and NP1562-GAL4;
UAS-SpGFP1-10::CD4 (NP1562 > SpGFP1-10).
(H) Illustration of the GRASP technique to identify putative synaptic connec-
tions between Gr5a+ and NP1562+ neurons (left). Shown is a representative
image of the SOG in NP1562-GAL4/Gr5a-LexA, lexAop-CD4::SpGFP11; UAS-
CD4::SpGFP1-10 flies stained with a-GFP (green). n = 20.
For all brain images, the neuropil is stained with a-nc82 (red). Confocal stacks
were acquired at 1-mm optical sections. Scale bars, 10 mm (unless noted
otherwise).
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Figure 3. NP1562 Neurons Project to the
AntennalandMechanosensoryMotorCenter
(A) Visualization of pre-synaptic terminals of
NP1562-GAL4 neurons with a-HA (green). The
neuropil is stained with a-nc82 (red). Flies were
NP1562/+; UAS-syt-HA/+ (n = 20). Confocal
stacks were acquired at 1-mm optical sections.
Scale bars, 10 mm. OL, optic lobe.
(B) Compressions of the indicated groups of
images from the z stack shown in (A). Scale
bar, 10 mm.
(C) 3D model of the confocal image shown in (A),
generated using Imaris software (left), and
expanded views of syt-HA distribution in the
AMMC (center and right).NP1562 Candidate sGPNs Project to the Antennal
Mechanosensory and Motor Center in the Brain
The regions of the brain towhich taste information is relayed from
the SOG are not known. We therefore defined the architecture of
the NP1562 sGPNs and mapped their putative presynaptic
terminals by expressing synaptotagmin-hemagglutinin (HA)
(Robinson et al., 2002). Immunolocalization with a-HA showed
extensive labeling in the AMMC of the deutocerebrum (Fig-
ure 3A). Magnified images of the AMMC revealed punctate pat-
terns of syt-HA localization consistent with synaptic structures
(Figure 3B). A 3D model generated from the confocal z stack
highlights the distribution of synaptic densities in the anterior
lateral region of the AMMC (Figure 3C). These results suggest
that NP1562 neurons convey information from the SOG to the
AMMC and implicate the AMMC as an immediate higher-order
processing center for sweet taste information.
sGPNs in the AMMC Activate Proboscis Extension
Given that NP1562-GAL4 labels several neurons in the brain, we
performed a mosaic analysis to more precisely identify the sub-
set(s) responsible for triggering taste acceptance. We used heat
shock to flip out GAL80 (tub-FRT-GAL80-FRT) (Bohm et al.,
2010) and induce NP1562-dependent expression of both UAS-
mCD8::GFP and UAS-dTrpA1 in subsets of NP1562+ cells.
Eggs were collected in six different batches, and each cohort
was treated to a 1-hr heat shock at 37C at a single selectedNeuron 85, 819–832,time point between 24 and 62 hr after
collection. We tested 202 adult males
of the appropriate genotype for heat-
induced proboscis extension response
and recovered a total of 110 ‘‘re-
sponders’’ that showed proboscis exten-
sion at 32C (54%) and 92 ‘‘non-
responders’’ that did not (46%)
(Figure 4A). None of the flies displayed
proboscis extension at room temperature
(22C). We then dissected the brains of
160 flies (98 responders and 62 non-re-
sponders) and visualized GFP-labeled
clones using immunofluorescence. Each
brain was scored for the presence of
GFP signal in regions representing thethree clusters labeled by NP1562 (Figure 2B). Notably, one or
more cells of cluster I were found to be GFP+ in 95 of 98 brains
recovered from responder flies (Figures 4B and 4C). By contrast,
all 62 non-responders lacked a GFP signal in this region. Cells
belonging to clusters II and III were labeled in 58 and 60 of the
98 responders (59% and 61%, respectively) and 9 and 12 of
the 62 non-responders (15% and 19%, respectively), indicating
that they are unlikely to be primarily responsible for the proboscis
extension phenotype. We also examined 22 control flies that
were not subjected to heat shock treatment. As predicted,
none showed heat-inducible proboscis extension or GFP
expression in any cells in the brain (data not shown).
We performed a similar experiment to label dendritic and
axonal processes in NP1562+ neurons that evoke proboscis
extension by inducing clones that co-express dTrpA1, DenMark,
and syt-enhanced GFP (eGFP). Immunolabeling of brains recov-
ered from responder flies revealed postsynaptic termini in the
SOG and presynaptic termini in the SOG and AMMC regions
(Figure 4D). Taken together, our results argue that one or more
NP1562+ cells belonging to cluster I, projecting from the SOG
to the AMMC, are involved in proboscis extension behavior.
sGPNs Are Activated by Sucrose
To test whether the identified sGPNs do, in fact, process sweet
taste information, we usedNP1562-GAL4 to express the fluores-
cent calcium indicator GCaMP3 (Tian et al., 2009) and measuredFebruary 18, 2015 ª2015 Elsevier Inc. 823
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Figure 4. Mosaic Analysis Reveals a Subset of Neurons in the AMMC Region that Mediate Taste Acceptance Behavior
(A) Proportion of responder and non-responder NP1562-GAL4, UAS-dTrpA1/tub > GAL80 > ; hs-Flp, Sb/UAS-mCD8::GFP flies recovered from cohorts sub-
jected to a single heat shock treatment at one of the time points indicated in schematic above. Flies were tested for proboscis extension at 32C.
(B) Representative images of GFP+ clones in the SOG and AMMC regions derived from responder and non-responder NP1562-GAL4, UAS-dTrpA1/tub >
GAL80 > ; hs-Flp, Sb/UAS-mCD8::GFP flies identified in (A). Adult brains were stained with a-GFP (green) and a-nc82 (red) to visualize the neuropil. Dashed
circles indicate the AMMC region encompassing cells belonging to cluster I. Scale bars, 10 mm.
(C) Proportion of brains of responder (PER+) and non-responder (PER–) flies showing GFP labeling in one or more cells of cluster I.
(D) Distribution of DenMark and syt-eGFP in clones of responder NP1562-GAL4, UAS-dTrpA1/tub > GAL80 > ; hs-Flp, Sb/UAS-DenMark, UAS-syt::eGFP flies.
Adult brains were stained with a-DsRed (red), a-GFP (green), and a-nc82 (blue) to visualize the neuropil. Scale bars, 10 mm.changes in fluorescence upon application of sucrose to the pro-
boscis. We found that a stimulus of 500 mM sucrose caused a
robust increase in fluorescence in the AMMC and in neuronal
arbors extending from the SOG to the AMMC in a bilaterally sym-
metrical V-shaped pattern (Figures 5A and 5B; Figure S3; Movie
S2). Little to no change was observed in GCaMP3 fluorescence824 Neuron 85, 819–832, February 18, 2015 ª2015 Elsevier Inc.with water solvent alone (Figure 5B). As a positive control, we
imaged activity in axonal termini ofGr5a+ sweet neurons (Marella
et al., 2006), which showed a similar increase in fluorescence
when stimulated with sucrose but not with water (Figures 5A
and 5B; Figure S3; Movie S3). At least five flies were tested for
each genotype and stimulus. In all cases, wemonitored changes
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Figure 5. NP1562 sGPNs Neurons Are Activated by Sucrose
(A) Representative color-coded images andmean intensity traces of 500mMsucrose-evokedGCaMP3 fluorescence inNP1562+ (left) andGr5a+ (right) neurons in
the fly brain. Sucrosewas applied to the proboscis. Fluorescence intensitymeasurements were taken from areaswithin dashed circles: region of interest (red) and
background (white).
(B) Mean changes in GCaMP3 fluorescence inNP1562+ orGr5a+ neurons, as indicated, upon stimulation of the proboscis with water or 500mMsucrose( n = 5–7).
***p < 0.001, Student’s t test.
(C) Representative color-coded images, mean intensity traces, and mean fluorescence changes in NP1562+ neurons upon application of the indicated con-
centrations of sucrose to the proboscis. The genotype was NP1562-GAL4/CyO; UAS-GCaMP3/UAS-GCaMP3 (n = 7 for each stimulus).
(D) Representative color-coded images, mean intensity traces, and mean fluorescence changes in Gr5a+ neurons upon application of the indicated concen-
trations of sucrose to the proboscis. The genotype was Gr5a-GAL4/Gr5a-GAL4; UAS-GCaMP3/UAS-GCaMP3 (n = 7 for each stimulus).
Scale bars, 50 mm. For all graphs, error bars show SEM.
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Figure 6. NP1562 sGPNs Are Functionally Con-
nected to Gr5a+ Sweet Taste Neurons
(A) Mean fluorescence changes of GCaMP3 in NP1562+
neurons upon stimulation of the proboscis with the indi-
cated sugars, each tested at 200 mM (n = 5). p < 0.001 for
each stimulus, Student’s t test versus water.
(B) Mean fluorescence changes of GCaMP3 in NP1562+
neurons upon stimulation of the proboscis with the indi-
cated concentrations of ribose (n = 5). p = 0.684 (200 mM)
and p = 0.027 (500 mM), Student’s t test versus water.
(C) Mean fluorescence changes of GCaMP3 in NP1562+
neurons in otherwise wild-type (NP1562>GCaMP3) or
Gr64a1/Gr64a1 (NP1562>GCaMP3; DGr64a) flies upon
stimulation of the proboscis with the indicated concen-
trations of sucrose (n = 5). **p < 0.01, ***p < 0.001, two-way
ANOVA with pairwise comparisons.
(D) Mean fluorescence changes of GCaMP3 in NP1562+
neurons in flies of the genotypes NP1562-GAL4;
UAS-GCaMP3/UAS-GCaMP3 (NP1562>GCaMP3) and
NP1562-GAL4/Gr5a-LexA; UAS-GCaMP3/lexAop-dTrpA1
(NP1562 > GCaMP3; Gr5a > dTrpA1) upon stimulation
with warm water. Water was heated to 60C, drawn in
a pipette tip, cooled briefly, and applied to the proboscis.
**p < 0.01, Student’s t test.
(E) Mean fluorescence changes of GCaMP3 in NP1562
neurons upon stimulation of the proboscis with the named
tastants at the indicated concentrations. For each stim-
ulus, n = 5. Student’s t tests versus water. Caffeine, p =
0.493 (20 mM) and p = 0.135 (100 mM); HCl, p = 0.550 (pH
1.8) and p = 0.822 (pH 3); NaCl, p = 0.498 (100 mM) and
p = 0.442 (400 mM); serine, p = 0.029 (100 mM) and
p = 0.243 (200 mM).
For all graphs, error bars indicate SEM.in background fluorescence in areas abutting the GFP-labeled
regions, which changed only slightly, if at all, with tastant appli-
cation (Figure 5A).
We next characterized the sucrose response of NP1562+ (Fig-
ure 5C) andGr5a+ (Figure 5D) neurons across a range of concen-
trations (10–200 mM). For both the primary (Gr5a) and putative
secondary (NP1562) populations of sweet taste neurons, we
observed robust concentration-dependent increases in calcium
activity (Figures 5C and 5D). These results demonstrate that
NP1562+ sGPNs in the brain are activated by sucrose.
sGPNs Are Functionally Connected to Gr5a+ Sweet
Taste Neurons
Our results suggest that NP1562+ sGPNs receive input from
Gr5a+ taste neurons. Given thatGr5a+ taste neurons are broadly
tuned to sugars and sweet stimuli (Dahanukar et al., 2007; Mar-826 Neuron 85, 819–832, February 18, 2015 ª2015 Elsevier Inc.ella et al., 2006), we next tested glucose, fruc-
tose, and trehalose, and found that NP1562+
sGPNs were also activated by application of
these sugars to the proboscis (Figure 6A). To
confirm that the observed response was depen-
dent on sweet taste rather than osmolarity, we
tested ribose, a sugar that is not palatable to
flies, and observed no increase in calcium activ-
ity in NP1562+ sGPNs (Figure 6B). These results
are consistent with the idea that sGPNs areresponsive to sweet taste and not to non-gustatory stimulation
caused by application of the tastant solution.
The sensitivity of Gr5a+ neurons to sucrose is reduced in flies
lacking the Gr64a receptor (Dahanukar et al., 2007; Jiao et al.,
2007). If NP1562 neurons are indeed receiving input from
Gr5a+ taste neurons, then one expectation is that sucrose-
induced activity in NP1562 neurons would be diminished in
DGr64a mutants. In fact, comparison of GCaMP3 fluorescence
changes in wild-type and DGr64a mutant flies showed reduced
responses in NP1562+ neurons of the mutant across a range of
concentrations tested (Figure 6C). To corroborate these results,
we wanted to determine whether artificial stimulation of Gr5a+
sweet taste neurons would cause activation of NP1562 neurons.
For this purpose, we expressed dTrpA1 in Gr5a+ neurons and
stimulated them by application of warm water. We observed a
robust increase in fluorescence in NP1562+ neurons, which
was absent in control flies that did not express dTrpA1 in sweet
taste neurons (Figure 6D).
Within the SOG, sweet and bitter tastants are represented in
discrete, non-overlapping areas. We therefore wished to deter-
mine whether there was any overlap of taste input to the
identified sGPNs. We applied stimuli belonging to other taste
categories—bitter (caffeine), acid (hydrochloric acid), salt
(sodium chloride), and amino acid (serine)—and measured cal-
cium activity inNP1562-GAL4>GCaMP3 flies. None of the tested
stimuli evoked changes greater than 5% over baseline
activity (Figure 6E). Taken together, our results argue that the
NP1562+ sGPNs do not integrate information from different taste
categories but, instead, have a dedicated role in processing
sweet taste.
Starvation Increases Sugar Sensitivity of sGPNs
It has long been known that hunger increases behavioral sensi-
tivity to sucrose in flies (Dethier, 1976; Edgecomb et al., 1994).
One expectation from these observations is that activity in sweet
taste circuits may be modulated by starvation. In fact, a recent
study reported increased calcium activity in axon terminals of
sweet taste neurons in starved flies (Inagaki et al., 2012), albeit
only at sucrose concentrations of 100 mM or higher. We there-
fore wished to determine whether responses of NP1562+ sGPNs
were altered in flies that were deprived of food.
We compared the calcium activity in fed and starved flies to a
sucrose concentration range (10–200 mM) known to evoke
different levels of proboscis extension responses in flies sub-
jected to the two conditions. Flies were starved on wet tissues
for 24 hr.
We first measured the sucrose response in NP1562+ sGPNs
and found that starvation for 24 hr led to a significant increase
in the sensitivity of these neurons to 25 and 50 mM sucrose (Fig-
ure 7A). By contrast, although a previous study has shown that
calcium activity of Gr5a+ presynaptic terminals was enhanced
by starvation in younger flies (Inagaki et al., 2012), we did not
observe any significant differences in sucrose responses of fed
flies and starved flies under our test conditions (Figure 7B). Expo-
sure of the flies to a different stressor bymeans of vortexing them
did not cause a similar increase in calcium activity in NP1562+
neurons (Figure 7C).
Recent studies have shown that dopamine signaling plays a
critical role in reducing behavioral thresholds to sucrose upon
starvation (Inagaki et al., 2012; Marella et al., 2012). To test
whether the activity of NP1562 neurons is modulated via dopa-
mine signaling, we administered 3-(3,4-dihydroxyphenyl-2,5,6-
d3)-L-alanine (L-Dopa) via food and measured sucrose-evoked
calcium activity in the NP1562+ sGPNs. Consistent with the re-
sults of starved flies, we found that NP1562+ neurons in flies
fed on L-Dopa showed significantly enhanced responses to 25
and 50 mM sucrose (Figure 7D). On the other hand, we did not
observe corresponding changes in sensitivity of Gr5a+ neurons
(Figure 7E). Taken together, our results indicate that the activity
of NP1562 sGPNs appears to be modulated by starvation in a
manner that can communicate altered reward values to higher
brain centers. Moreover, at the lower concentrations of sucrose
that engender significantly different behavioral responses be-
tween fed and starved flies (Dethier, 1976), the observed dopa-mine-dependent modulation appears to be independent of
changes in Gr5a+ neuron activity.
DISCUSSION
Sugars are innately attractive to most animals. To understand
how sweet taste activates appropriate feeding behaviors,
higher-order neurons in taste circuits must be identified. Here
we present the first example of Drosophila gustatory projection
neurons that receive sweet taste information at the first relay (Fig-
ure 8). The identified sGPNs terminate in the antennal mechano-
sensory and motor centers and are specifically activated by
sucrose but not by other categories of tastants. Moreover, the
activity of the identified sGPNs reflects both sweet taste and
the starvation state. Therefore, information about the starvation
state is conveyed to sweet taste circuits prior to the second relay.
Our results support a role for the identified sGPNs in primary
taste circuits that connect sweet taste input to canonical feeding
acceptance behaviors; the neurons are excited by sweet taste
and are both necessary and sufficient to initiate proboscis exten-
sion. In wild-type flies, proboscis extension can be induced by
stimulation of either labellar or tarsal taste hairs (Dethier, 1976).
Within the SOG there exist distinct representations of taste neu-
rons originating from the two organs (Stocker, 1994; Thorne
et al., 2004; Wang et al., 2004). One question that arises, there-
fore, is where the information from the two is integrated.
Although our analysis of GRASP connections with NP1562
sGPNs was restricted to Gr5a+ labellar sweet taste neurons,
the finding that silencing of the former also weakens tarsally
induced proboscis extension responses (PERs) suggests that in-
formation coming from sweet taste neurons in the labellum and
the tarsi must be integrated either upstream of or at NP1562
neurons. An initial imaging analysis was consistent with the
former possibility because stimulation of tarsi with 100 mM su-
crose did not result in any calcium activity in NP1562 neurons
(DF/F 0.4417 ± 0.7661, SEM, n = 5). Moreover, silencing of
NP1562 neurons did not completely abolish proboscis exten-
sion, indicating that additional classes of sGPNs that convey
sweet taste are likely to exist.
Other first-order taste neurons fall into defined, molecularly
marked populations that are activated by water (ppk28+), salty
(Ir76b+), or bitter (Gr66a+) tastants (Cameron et al., 2010; Marella
et al., 2006; Weiss et al., 2011; Zhang et al., 2013). Although we
did not find evidence for excitatory responses to any of these
classes of tastants in NP1562 neurons, it will nevertheless be
interesting to determine how activation of these neurons im-
pinges on NP1562 sGPN activity. One confounding factor is
that many tastants that inhibit proboscis extension and feeding
act not only via activating bitter taste neurons (Weiss et al.,
2011) but also by inhibiting sweet taste neurons (Charlu et al.,
2013; Jeong et al., 2013; Meunier et al., 2003). However, the abil-
ity to artificially manipulate the activity of defined classes of taste
neurons should facilitate addressing such questions.
The SOG also contains dendrites of motor neurons that inner-
vate the proboscis and cibarial pumps (Gordon and Scott, 2009;
Manzo et al., 2012; Rajashekhar and Singh, 1994), leading to ex-
pectations of direct connections between sensory and motor
neurons or of local interneurons that connect the two. However,Neuron 85, 819–832, February 18, 2015 ª2015 Elsevier Inc. 827
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Figure 7. Starvation Increases the Sucrose Sensitivity of NP1562 sGPNs
(A) Mean fluorescence changes of GCaMP3 in NP1562+ neurons in control flies (fed) or flies that were wet-starved for 24 hr (starved). Starved flies were tested in
parallel with fed flies, for which the data are the same as in Figure 5C. The graph on the right shows responses normalized to those of fed flies for each sucrose
concentration. The genotype was NP1562-GAL4/CyO; UAS-GCaMP3/UAS-GCaMP3 (n = 5–7). **p < 0.01, **p < 0.001, two-way ANOVA with pairwise com-
parisons.
(B) Mean fluorescence changes of GCaMP3 in Gr5a+ neurons in control flies (fed) or flies that were wet-starved for 24 hr (starved). Starved flies were tested in
parallel with fed flies, for which the data are the same as in Figure 5D. The graph on the right shows responses normalized to those of fed flies for each sucrose
concentration. The genotype was Gr5a-GAL4/Gr5a-GAL4; UAS-GCaMP3/UAS-GCaMP3 (n = 5–7). There was no statistically significant difference between fed
and starved flies. p > 0.05, two-way ANOVA with pairwise comparisons.
(C) Mean fluorescence changes of GCaMP3 inNP1562+ neurons in flies subjected to stress by vortexing (n = 5–7). There was no statistically significant difference
between the two conditions. p > 0.05, two-way ANOVA with pairwise comparisons.
(D) Mean fluorescence changes of GCaMP3 in NP1562+ neurons of flies fed food supplemented with L-Dopa for 2 days. The genotype was as in (A). Responses
were comparedwith those of flies fed foodwithout L-Dopa, for which the data are the same as in Figure 5C (n = 5–7). **p < 0.01, ***p < 0.001, two-way ANOVAwith
pairwise comparisons.
(legend continued on next page)
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Figure 8. Model for Sweet Taste Processing in Drosophila
Shown is a schematic illustrating the identified components of sweet taste
circuits, highlighting possible substrates for starvation-induced increases in
sucrose sensitivity.other studies have defined SOG interneurons that express the
neuropeptide hugin and connect with higher brain centers and
neuroendocrine glands (Melcher and Pankratz, 2005). Moreover,
dopaminergic protocerebral anterior medial neurons in the
mushroom body have also been shown to be activated by label-
lar stimulation with sucrose (Liu et al., 2012; Mao and Davis,
2009). These observations lead to the supposition that higher
brain centers are also involved in processing sweet taste. Our
findings delineate a relay of taste information from the SOG to
the AMMC and now invite investigations into whether the
AMMC conveys information from NP1562+ neurons to higher
centers in the brain or back to the SOG, where it can potentially
be conveyed to motor neurons that connect to muscles in the
proboscis.
The AMMC has not been implicated previously in taste pro-
cessing but, rather, is known to receive input from sensory axons
of the basal antennal segments involved in sensing sound, wind,
and gravity (Homberg et al., 1989; Kamikouchi et al., 2006, 2009;
Yorozu et al., 2009). A recent study also found a new class of
olfactory projection neurons that send axons to the AMMC (Awa-
saki et al., 2014). Having identified this region as a secondary
center for sweet taste, a future question is whether inputs from
other categories of taste neurons, such as water (Cameron(E) Mean fluorescence changes of GCaMP3 inGr5a+ neurons of flies fed food supp
compared with those of flies fed food without L-Dopa, for which the data are the
between flies treated under the two conditions. p > 0.05, two-way ANOVA with p
For all graphs, error bars indicate SEM.et al., 2010; Inoshita and Tanimura, 2006), bitter (Thorne et al.,
2004; Wang et al., 2004), and salty (Zhang et al., 2013), are
also conveyed to the AMMC and, if so, whether the representa-
tion of different tastes remains distinct in this region. Little is
understood about where information from the AMMC is trans-
mitted, but wiring diagrams of the Drosophila brain developed
from single-cell tracing experiments reveal the caudal ventrolat-
eral protocerebrum (CVLP) as a possible target (Chiang et al.,
2011). This idea is supported by a previous observation that
some Gr32a+ GRNs involved in pheromone sensing appear to
terminate directly in the VLP (Miyamoto and Amrein, 2008). Iden-
tification of axonal connections of projection neurons will facili-
tate the analysis of higher-order circuitry that integrates sweet
input with other tastes and other sensory cues.
Our observations also provide direct confirmation for state-
dependent alterations in sweet taste circuit activity. We observe
starvation state-dependent differences in the sucrose response
of sGPNs at concentrations as low as 25 mM. An increase in
dopamine signaling also brings about an enhancement of
sGPN sensitivity to sucrose. In both cases, increases in su-
crose-induced calcium activity occur in the absence of corre-
sponding changes in Gr5a+ neural activity. This is in contrast to
previous observations that starvation led to increases in
sucrose-evoked electrophysiological (Meunier et al., 2007; Nish-
imura et al., 2012) or calcium activity in Gr5a+ taste neurons (In-
agaki et al., 2012). In most cases, the observed increases in GRN
sensitivity were relatively small in magnitude compared with the
alterations in NP1562+ sGPN activity of starved flies. Taken
together with previous observations, our results open up the
possibility that information about the starvation state is amplified
during the relay to NP1562+ neurons or that these neurons may
also be targets of signaling pathways that convey information
about the starvation state (Figure 8).
Recent studies have identified additional neurons in the SOG
whose activity depends on starvation: tyrosine hydroxylase
ventral unpaired medial (TH-VUM) dopaminergic neurons that
modulate feeding in response to nutritional needs (Marella
et al., 2012) and feeding (Fdg) interneurons that integrate gusta-
tory input with the internal state to command a feeding behavior
routine (Flood et al., 2013). However, neither the TH-VUM nor
Fdg neurons are likely to make direct connections with sweet
taste neurons. Sweet taste is of prominence for both innate
and learned behaviors. Our identification of second-order sweet
taste neurons will enable investigations into the interplay be-
tween sweet taste circuits and other sweet- and starvation-
responsive neurons that will be of the utmost importance in
understanding the neural basis of behavior.EXPERIMENTAL PROCEDURES
Fly Stocks
w1118 (BL 5905), UAS-TNTG (BL 28838), UAS-dTrpA1 (BL 26263 and BL
26264), UAS-mCD8::GFP (BL 5130 and BL 5137), lexAop-mCD8::GFP (BLlemented with L-Dopa for 2 days. The genotype was as in (B). Responses were
same as in Figure 5D (n = 5–7). There was no statistically significant difference
airwise comparisons.
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32203), UAS-DenMark, UAS-syt::eGFP (BL 33065), UAS-GCaMP3 (BL 32236
and BL 32116), tub-GAL80ts (BL 7017), and hs-flp (BL 279) were obtained
from the Drosophila Bloomington Stock Center. NP-GAL4 lines were obtained
from the Drosophila Genetic Resource Center. UAS-syt-HA was provided by
L. Luo (Stanford University); UAS-Kir2.1, UAS > CD2 > CD8::GFP, Gr5a-
LexA, lexA-op-CD4::SpGFP11, and UAS-CD4::SpGFP1-10 by K. Scott (Univer-
sity of California); lexA-op-dTrpA1 by M. Ramaswami (Trinity College); and
tub>GAL80 > by B. Zhang (University of Missouri). Drosophila stocks were
reared on standard cornmeal dextrose medium at 25C, unless specified
otherwise.
Immunohistochemistry
Immunohistochemistry with brain tissue was as described previously (Kain
et al., 2013). Flies were anesthetized on ice, and the brain tissue was dissected
in chilled 13 PBS and fixed for 30 min in 4% paraformaldehyde (0.3% Triton
X-100) at room temperature. After washes with PBST (PBS with 0.3% Triton
X-100), samples were blocked with 5% normal goat serum in PBST. Samples
were incubated in appropriate primary antibody solutions for 3 nights at 4C.
Primary antibodies used were as follows: mouse anti-GFP (1:100, Sigma, cat-
alog no. 052M4836), rabbit anti-GFP (1:1000, Invitrogen, catalog no. A11122),
chicken anti-GFP (1:10,000, Abcam, catalog no. ab13970), rabbit anti-DsRed
(1:1000, Clontech Laboratories, catalog no. 632496), mouse anti-nc82 (1:10,
Developmental Studies Hybridoma Bank), and rabbit anti-HA (1:200, Abcam,
catalog no. ab9110). Secondary antibodies used were as follows: Alexa Fluor
488 anti-rabbit, anti-chicken, and anti-mouse immunoglobulin G (IgG) (1:200,
Invitrogen); Alexa Flour 546 anti-rabbit and anti-mouse IgG (1:200, Invitrogen);
and Alexa Fluor 647 anti-mouse IgG (1:200, Invitrogen). Samples were
analyzed with a Leica SP5 confocal microscope, and image stacks were ac-
quired at 1-mmoptical sections. Images were processed using ImageJ, Adobe
Photoshop, and Illustrator software. 3D models and movies of the SOG were
derived using Bitplane Imaris software (v7.6.4). Confocal stacks were used to
create multiple surfaces demarcating the SOG, AMMC, and antennal lobe (AL)
regions and segment regions of interest. SOG, AMMC, and AL areas were
delineated manually by drawing boundaries on the basis of neuropil staining
patterns with a-nc82. The soma and processes of GFP-labeled neurons
were captured based on fluorescence intensity.
GFP Imaging
Proboscises and legs were dissected and mounted in 70% glycerol in PBST.
GFP and red fluorescent protein (RFP) fluorescence was visualized using a
Leica SP5 confocal microscope, and image stacks were generated from
1-mm optical sections.
Feeding Behavior Assays
For binary choice feeding assays, flies with the genotype w1118, transgene
controls, and NP-GAL4/+;UAS-Kir2.1,Tub-Gal80ts or NP-GAL4/UAS-TNTG;
Tub-GAL80ts/+ were raised from eggs to adults at the GAL80ts-permissive
temperature of 18C. Flies were sorted in vials of 10 males and 10 females
(20 flies/vial) upon eclosion and maintained at 18C for 3 days, after which
half of the vials prepared for each genotype-stimulus combination were
shifted to the GAL80ts-restrictive temperature of 29C, where they remained
for 3 additional days. Flies at 18C (control) were starved for 36.5 hr and
those at 29C (test) for 16.5 hr prior to behavioral testing. Starvation times
comparable with 24 hr at 25C were extrapolated from starvation survival
curves performed at 18C and 29C, respectively. Flies were tested as
described previously (Charlu et al., 2013), and abdominal coloration was
scored as pink (dark pink coloration in more than 25% of the abdomen), light
pink (faint pink coloration or dark pink color limited to a small spot), or none (no
visible pink coloration). Participation in sucrose feeding was calculated as
follows:
ð# flies with pink abdomenÞ+ 0:5ð#flies with light pink abdomenÞ
# total flies
3 100:
PER Assays
For experiments with UAS-TNTG, flies were raised and subjected to tempera-
ture shifts and starvation conditions as for the feeding experiments. Prior to the830 Neuron 85, 819–832, February 18, 2015 ª2015 Elsevier Inc.experiment, flies were immobilized by cooling on ice and then mounted using
nail polish, vertical aspect up, on glass slides. Flies were allowed to recover in a
moist chamber for 2 hr prior to testing. Tastant solutions prepared in water
were applied to tarsi via a drop extruded from the hypodermic needle of a
1-ml plastic syringe. Flies were first satiated with water and then tested with
sucrose solutions. Ingestion of sucrose solutions was not permitted, and,
following each sucrose application, flies were retestedwith water as a negative
control. Each fly was tested five times with each sucrose stimulus. The interval
between consecutive sucrose applications was at least 3 min to minimize
adaptation. Flies showing three or more proboscis extensions were consid-
ered responders.
For heat-inducible PER measurements, NP-GAL4 flies with UAS-dTrpA1
were raised at room temperature (22C), immobilized on slides as above,
and transferred to a heating block at 32C. Proboscis extensions were scored
after 2 min. For all PER experiments, three sets of 20 flies each were tested,
and the percentage of responders was calculated for each set. Graphs depict
mean responses, and error bars indicate SEM.
Clonal Analysis
GFP-labeled clones were generated in flies using transgenes to flip-in GFP or
flip-out GAL80. Flies of the genotypes NP1562-GAL4, UAS-dTrpA1/tub >
GAL80 > ; UAS-mCD8::GFP/hs-Flp or NP1562-GAL4, UAS-dTrpA1/tub >
GAL80 > ; UAS-DenMark,UAS-syt::eGFP/hs-Flpwere recovered from a single
heat shock treatment of 1 hr at 37C, which was performed 24, 30, 40, 48, 52,
or 62 hr after a 4- to 7-hr period of egg collection. Flies aged 3–6 days were
tested in PER and immunohistochemistry assays as described.
Calcium Imaging
Flies used for imaging of calcium activity were at least 2 weeks old. Single flies
were immobilized on a bridge made by stacking glass coverslips on a slide.
The proboscis was held down in an extended position by double-sided
tape so that the labellum was accessible for tastant application. The fly
body was fixed between the coverslips so that the body and legs were trap-
ped and the head remained exposed with the anterior aspect up. Antennae
and cuticle were removed to expose the brain, which was immediately
covered with modified adult hemolymph-like solution (Wang et al., 2003).
GCaMP3 fluorescence in the SOG and AMMC regions of the brain was visu-
alized with a Leica SP2 confocal microscope with a 203 air objective and
digital zoom R 3 for initial experiments with water and 500 mM sucrose.
Samples were excited with a 488-nm laser, and emissions were collected
through a 505–530 band-pass filter. Images were acquired at one frame every
3 s at a resolution of 5123 512 pixels. The pinhole was opened to allow single
thick section scans. 70–100 frames were acquired for each tastant applica-
tion, starting at least 10 frames before application of the stimulus and 60–
90 frames during and after stimulus application. Taste solutions prepared in
distilled water were dispensed on the proboscis (2- to 4-ml drop) with a
20-ml pipettor. Distilled water was used as a control. Only flies in which base-
line GFP fluorescence could be observed in the areas of Gr5a+ or NP1562+
projections were used for subsequent tests. Leica SP2 software and ImageJ
were used to calculate minimum and maximum fluorescence intensities in
selected regions of interest for each stimulus application, which was used
to calculate DF/F.
For experiments in Figures 7D and 7E, L-Dopa (Sigma-Aldrich, catalog no.
CAS-53587-29-4) was first dissolved in water (5 mg/ml). The freshly prepared
solution was spread on fly food, and flies were maintained on this food for
2 days in the dark. The medium was changed once after 24 hr, and freshly
made L-Dopa solution was added. For the experiments in Figure 7C, 10 flies
contained in a 1.5-ml Eppendorf tube were vortexed three times for 15 s
each, with 5-s intervals in between. Vortexed flies were used immediately for
imaging.
Statistical Analyses
Unless otherwise stated, results from behavioral experiments were analyzed
using two-way ANOVA with pairwise comparisons using a Bonferroni adjust-
ment. Statistical comparisons of calcium activity were performed using either
Student’s t test or two-way ANOVAwith pairwise comparisons using a Bonfer-
roni adjustment.
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